A prospective open randomized controlled study was performed to assess the ability of Euromedical ILM endotracheal tube cuff (silicone cuff) to prevent pulmonary aspiration The inflation characteristics of this silicone cuff enables the control of tracheal wall pressure. The silicone cuffed tube was shortened and an adjustable flange was used to convert it to a cuffed tracheostomy tube. Twelve patients requiring a tracheostomy on a four-bed intensive care unit (ICU) in a district general hospital received either a silicone or a Shiley cuffed tracheostomy tube. Tracheal wall pressures of both cuffs were maintained at 30 cm H 2 O with a constant pressure inflation device. Blue food dye was instilled once daily into the subglottic space through a fine catheter above the cuff. There were six patients in the Shiley group and six patients in the silicone cuff group. Dye leaked to the trachea in six (100%) of the Shiley group compared with none (0%) of the silicone cuff group (P=0.001). This study confirms the effectiveness of this silicone cuff at preventing aspiration and the high incidence of leakage with the conventional high-volume low-pressure tracheostomy tube cuff.
The dentition, sinuses, oropharynx and stomach of a patient undergoing mechanical ventilation in the intensive care unit (ICU) rapidly become colonized with pathogenic bacteria. This colonization is due to a combination of inadequate oral, nasal and dental hygiene, prolonged exposure of the epithelial surface to bacterial adhesins, the loss of commensal bacteria due to antibiotics and alterations in host epithelial receptors 1 . Infected secretions pool in the oropharynx and subglottic space and are repeatedly aspirated past the tracheal cuff 2 . The host defences of the critically ill mechanically ventilated patient are compromised both immunologically and by the tracheal tube cuff that interrupts the mucociliary escalator and bypasses an effective cough. It is the balance of the host susceptibility and the size and nature of the inoculum that determines whether bacterial tissue invasion occurs and a ventilator-associated pneumonia (VAP) occurs 1 . Although maintaining upper airway and upper gastrointestinal hygiene and infection control measures remain important, the prevention of the recurrent soiling of the trachea with macroscopic volumes of pharyngeal fluid is likely to be vital if we are to see a reduction in VAP 3 .
A prototype tracheal tube cuff called the Pressure Limited Cuff (PLC) 4 has been shown to eliminate the aspiration of dye placed in the subglottis in adult intensive care patients intubated with endotracheal tubes 5 . Aspiration of subglottic dye with conventional high-volume low-pressure (HVLP) cuffs occurs in 87% to 100% of patients 5, 6 . The Euromedical Intubating Laryngeal Mask endotracheal tube cuff (silicone cuff, Euromedical Industries Sdn. Bhd, Malaysia) has pressure-volume characteristics that approximate to those of the PLC (see Appendix). We chose to study this tube, with pressure limited inflation, rather than to manufacture the PLC tube inhouse as we have previously done. This was in order to improve quality control and shelf-life, remove the risk of latex allergy and for reasons of convenience and costs.
The object of this study is to compare a silicone cuff (with pressure limited inflation characteristics) and the Shiley cuffed tracheostomy tubes for aspiration of dye to the trachea.
MATERIALS AND METHODS

Silicone cuffed tracheostomy tube
The silicone cuffed tracheostomy tube was made by shortening a size 8 mm internal diameter (ID) Euromedical endotracheal tube to 16 cm. The outer diameter (OD) was 11 mm. The circuit connector from a 7.5 mm ID tracheal tube was affixed to the proximal end with glue (Histacryl, Braun, Germany). A flange taken from an adjustable flange tracheostomy tube (Portex, United Kingdom) conveniently fitted onto the tube to facilitate fixation to the patient. A fine bore catheter (epidural catheter, Portex, United Kingdom) was glued above the cuff to enable dye to be instilled into the subglottic space.
Shiley and Portex Profile tracheostomy tubes
A fine bore catheter (epidural catheter, Portex) was glued above the cuff of size 8 mm ID, 11 mm OD Portex Profile and size six (6.4 mm ID, 10.8 mm OD) Shiley tracheostomy tubes to enable dye instillation into the subglottic space.
Rigid tracheal model
Two models were set up to demonstrate each cuff inflated in a 2 cm diameter cylinder (20 ml syringe barrel, Plastipak, Becton Dickinson, Ireland) to represent the trachea. Dye was instilled above the cuffs to observe leakage in vitro (Figure 1 
Constant Pressure Inflation System
To ensure continuous inflation at constant pressure throughout the study of the Shiley and the silicone tracheostomy tube cuffs, an inflation device was used to maintain intracuff pressure. The constant Pressure Inflation Device was a pneumatic constant pressure generator with integral pressure gauge (PressurePAC, PneuPAC, United Kingdom) that was linked in series with a three-way tap, a one-way valve (R-Lock, Codan, Germany) and a length of fine bore tubing (Manometer tubing, 1.5 mm ID, Vygon, Germany) running adjacent to the ventilator tubing. This was attached to the inflation port of the cuffs. The calibration of the pressure generator gauge was verified against a mercury column. The three-way tap was used to check intracuff pressure with a second pressure gauge (Cuff inflator, Portex, United Kingdom) intermittently prior to dye instillation, eight hourly and if aspiration was detected. The purpose of the one-way valve was to maintain tracheal wall pressure at 30 cm H 2 O during the expiratory phase and to permit increases in wall pressure during the inspiration phase, thereby For the Shiley cuff the pressure generator was set at 30 cm H 2 O and for the silicone cuff the pressure generator was set at 30 cm H 2 O above the plateau pressure of the silicone cuff (see Appendix). This corresponds to a tracheal wall pressure of 30 cm
This study was undertaken in a four-bed general intensive care unit in a district general hospital. Exclusion criteria were age less than 18 years, pregnancy, known food dye allergy and the requirement for greater than 40 cm H 2 O tracheal wall pressure to prevent air leak.
We prospectively obtained local ethical committee approval, and written informed approval was obtained from the patient or a close relative.
Clinical Study Design
We performed a prospective, open, randomized single centre study. Critically ill patients who required a tracheostomy were recruited. All the study patients initially received a Portex Profile cuffed tracheostomy tube with a subglottic catheter affixed at percutaneous tracheostomy by the Grigg's technique. The Portex Profile cuff is routinely used with the Grigg's technique in our institution and is supplied with the percutaneous tracheostomy kits. KY jelly cuff lubrication was used if required by the operator. The cuff was inflated to 30 cm H 2 O and the cuff pressure was checked prior to dye instillation and then eighthourly thereafter using a commercial cuff inflator (Portex, United Kingdom). At 0730 daily, 0.5 ml of blue food dye (E122) followed by 3 ml saline was instilled through the catheter into the subglottic space. The nurse responsible for the patient was instructed to report dye obtained from tracheal aspirates (performed post instillation and at least four-hourly thereafter). If dye was retrieved from the trachea the Portex Profile tube was deemed to have failed and the patient was then randomly allocated to either the Shiley or the silicone cuff group. A closedenvelope technique was used for randomization. Any remaining dye in the subglottic space of the failed Portex Profile tube was then aspirated through the catheter and the tube was replaced with a study tube. The study cuffs were not lubricated with KY jelly prior to insertion. The cuff inflation port was connected to the constant pressure device to maintain a tracheal wall pressure of 30 cm H 2 O. An air leak from the trachea past the cuff to the glottis with ventilation occasionally occurs with HVLP cuffs at 30 cm H 2 O of intracuff pressure. If air leakage occurred then a maximum of 40 cm H 2 O tracheal wall pressure was deemed to be acceptable, otherwise the tube would be replaced with a larger size. Three consecutive negative tracheal aspirates at four-hourly intervals were taken prior to testing the study cuffs. At 0730 daily, 0.5 ml of blue food dye followed by 3 ml saline was instilled into the subglottic space to test the study cuffs as described above. The study endpoints were cuff failure as defined by blue dye observed in the tracheal aspirates, decannulation of the trachea and discharge from the ICU or if no leakage had occurred after 10 days.
Statistical analysis
The numerically small study size of 12 patients was all that was required for this study because of the large effect size. With HVLP intracuff pressure at 30 cm H 2 O and using subglottic placement of dye, aspiration rates in previous studies have been 87% and 100% 9,10 . This is opposed to 0% aspiration that is associated with PLC tubes 9 . We hypothesized that the silicone cuff would function similarly to the prototype PLC cuff in the previous study 9 . A sample size of 12 was calculated using a type I error of 0.05, a type II error of 0.2 and an effect size of 87%. The results are displayed as percentages and compared using Fisher's exact test. Calculations were performed on a scientific calculator.
RESULTS
Seventeen patients received Portex profile tracheostomy tubes and were tested daily for dye leakage. Sixteen of the cuffs leaked after a median of one day (range one to five days). One cuff did not leak despite 10 days of testing. Four cuffs leaked but were due for ICU discharge at the time of leakage, leaving 12 that leaked and were randomized to one of the study groups. Of the 12 randomized patients six received the Shiley tube and six received the silicone cuffed tube (Figure 2 ). The demographic data of the study patients is shown in Table 1 . There were no incidents of accidental loss of cuff pressure, and one silicone cuff needed inflating to 38 cm H 2 O tracheal wall pressure for air seal. All the Shiley tubes leaked on the first day of testing (and so reached the study endpoint) and none of the silicone tubes leaked dye to the trachea (100% versus 0%, P=0.001, Fisher's exact test) ( Table 2) .
DISCUSSION
Leakage past the tracheal tube cuff is a major cause of ventilator-associated pneumonia (VAP) in the intensive care unit 2 . Adult intensive care patients receiving mechanical ventilation have an incidence of VAP between 20% and 60% 7 and an attributable mortality reported at 27% 8 . A tube designed with a dorsal separate channel allowing subglottic secretion drainage (Hi-Lo EVAC; Mallinckrodt) halved the incidence of VAP using both intermittent 9 and continuous 10 the quantity of oropharyngeal fluid leaking to the trachea. The complete prevention of leakage using a silicone or similar cuff with continuous pressurelimited inflation could lead to a greater reduction in VAP and would have an important role in improving the safety of mechanical ventilation. The detection of pulmonary aspiration using dyes has indicated leakage rates of between 20% and 100% 6, 11 . The direct instillation of dye to the subglottic space in our study accounts for the high sensitivity of the test 5, 6 . The specificity of the test will be approaching 100% as dye will not appear in the tracheal aspirates if it has not leaked past the cuff. It has been shown that loss of cuff pressure is associated with an increased rate of ventilator-associated pneumonia 12 , and in a ventilation model we have shown that cuff pressure is linearly related to leakage rate but is not eliminated by increases in cuff pressure even to supraphysiological values 13 . In the present study we did not control for ventilation mode or positive end expiratory pressure (PEEP). Both of these are effective in a benchtop model at reducing aspiration, however if the PEEP is lost with disconnection of the ventilator or the application of tracheal suctioning (both open and closed), this will dramatically increase the risk of fluid leaking past the cuff 13 .
LVHP cuffs often have high slope pressures (tracheal wall pressure increases markedly with small additional volumes of insufflation) 14 . A high slope pressure means that with volume dependent inflation there is an inherently high risk of excessive tracheal wall pressure occurring. However, if the cuff demonstrates pressure-diameter characteristics such that there is a plateau over the human trachea diameter range (see appendix), and pressure limited inflation is used with a constant pressure inflation device, then both excessive wall pressures and loss of cuff pressure are avoided.
Although silicone cuffed tracheostomy tubes are now available commercially, there is no method suggested to effectively control tracheal wall pressure. If the cuff demonstrates a plateau pressure during inflation, then pressure limited inflation to 20 to 30 cm H 2 O above the plateau pressure with a constant pressure inflation device would be much safer for the tracheal wall than uncontrolled or volume dependent inflation. However, we would recommend that tracheal tube manufacturers make modest alterations to the low volume, high pressure cuff designs to provide a plateau of pressure with cuff diameter over the human tracheal diameter range (1.5 to 2.5 cm) 15 .
The Euromedical ILM silicone cuffed tube was chosen because the pressure-volume characteristics allow pressure limited inflation. The pressure-volume graph however is not ideal (see Appendix) and modestly higher or lower tracheal wall pressures may occur. This is the first study of critically ill patients to show that even with the continuous maintenance of HVLP cuff pressure at 30 cm H 2 O gross tracheal soiling with subglottic fluid occurs. In conclusion, this study clearly shows that this silicone cuffed tube effectively prevents the leakage of subglottic fluid to the lungs in the mechanically ventilated critically ill patient. Further studies to determine the impact of these findings on the incidence of ventilator-associated pneumonia and mortality are indicated.
PLC, because the latter has a short shelf-life due to latex deterioration and so is unsuitable for further development. The silicone cuff has the advantage of being commercially available, has no risk of latex allergy and a long shelf-life. It has the disadvantage that the plateau pressure is not completely flat and hysteresis occurs (Figure 4 ).
Wall pressures for the silicone cuff were measured directly by water column in a 2.2 cm diameter cylinder by the method described by Young et al 4 and are shown in Figure 5 . The plateau pressure was 110 cm H 2 O, and the intracuff pressure to achieve a wall pressure of 30 cm H 2 O was 140 cm H 2 O.
